To synthesize graphene built up from fewer layers with more defects, it was grown by chemical vapor deposition (CVD) and cooled to ambient temperatures at different cooling rates with different volume flow rates of hydrogen. Then, to add nitrogen functional groups to the surface of graphene, it was treated by radio frequency (RF) nitrogenplasma at different power levels and periods of time. The faster the cooling rate, the higher the specific capacitance. Furthermore, the specific capacitance reached a maximum (150.5 F g −1 ) at the nitrogen-plasma treatment conditions (power = 100 W and period of time = 30 min). A longer periods of time and higher power resulted in higher specific capacitance except for 150 W at 30 min.
Introduction
Electrochemical capacitors are charge-storage devices which possess a higher power density and a longer life cycle than batteries.
1,2 Their applications include power sources for hybrid vehicles, starting power for fuel cells, and burst-power generation in electronic devices. [3] [4] [5] [6] [7] Electrochemical capacitors are classified into two types, electric double layer capacitors (EDLC) and pseudocapacitors according to the energy-storage mechanisms. The capacitance of an EDLC arises from the separation of charge at the interface between the electrode and the electrolyte. In contrast, pseudo-capacitance arises from redox reactions of electroactive materials with multiple oxidation states. 1, [8] [9] [10] [11] [12] Graphene has higher accessible specific surface area and higher conductivity compared with carbon nanotubes and activated carbon. [13] [14] [15] These properties make them potentially suitable for synthesis of electrodes in electrochemical capacitors.
Graphene was grown by chemical vapor deposition (CVD) in this research. Mechanical exfoliation of graphite can only produce a small flake sized graphene with nonuniformity in the number of graphene layers in the flakes. This method is not scalable to highvolume manufacturing. An epitaxial graphene obtained in thermal decomposition of SiC with very high-temperatures. A SiC substrate is expensive and limited in size of wafer may restrain its wide applications. 16, 17 The chemical reduction of graphene oxide can produce graphene-based connected films in large-scale. The major drawback of this method is low electrical mobility of electrons because of their defective structures. 17 When synthesizing graphenes by CVD on Ni foams, the number of graphene layers was adjusted by varying the cooling rate. Thinner graphene films possessed higher specific capacitance than those of thicker graphene films. 18, 19 Slower cooling rate leads to thicker layers of graphene, revealing that the cooling rate is among the most important factors for achieving uniform graphene growth. 20 Growth of large-area one-two layers of graphene on polycrystalline Ni surfaces could be controlled by the substrate cooling rate during CVD. 21 Kim et al 22 found that the fast cooling rate is critical in suppressing formation of multiple layers. Graphene was segregated from Ni surface under the ambient pressure by dissolving carbon in Ni at high temperature followed by cooling down with various rates. The graphene films of high quality crystalline structure and wellcontrolled thicknesses were synthesized with medium cooling rates. 23 During the cooling step, the H 2 flow rate affected the quality of CVD-grown graphene and its defects increased with an increasing H 2 flow rate. 24 Therefore, to synthesize a graphene with fewer layers and more defect, cooling rates and H 2 volume flow rates were varied during the cooling step in this experiment.
Nitrogen doping in the graphene can enhance the capacitance because an increase of the number of hydrophilic polar sites results in an increase of surface area accessible to electrolyte. 25 Furthermore, such sites improve wettability of carbon surface by aqueous electrolyte solutions, resulting in the generation of pseudocapacitance effect originating in faradic redox reactions. 25 Pyridinic and pyrrolic nitrogen atoms easily control local electronic structures, which is beneficial to enhancing the binding between the N atoms and electrolyte ions of K + in the solution. This phenomenon results in the accommodation of plentiful K + ions on the electrode surface and then enhances capacitance by redox reactions. 26 Quaternary nitrogen atoms also enhance capacitance by improving the conductivity of the materials, which is favorable to transporting electrons in the electrode. However, pyridinic and pyrrolic nitrogen atoms play a more crucial role in enhancing the energy storage performance. 26 Carbon materials placed in the nitrogen plasma atmosphere were partly replaced by nitrogen atoms. 27 The basalplane pyridinic N (bonding with two C atoms at the edges or defects of graphene and contributing one p electron to the ¬ system) exhibited the largest binding energy with ion, then it was claimed to have a dominant role in the capacitance enhancement. 27 Pyrrolic N also showed a large binding energy with ion, but its negative charge would cause overly strong binding for the reversible charging/ discharging process, which was reflected by lower Coulombic efficiencies. 27 Nitrogen atoms were expected to replace carbon atoms in the original graphene sheets and form N-6: pyridine-like, N-5: pyrrole-like, and N-Q: graphite-like. 28 In order to increase basal-plane defects as well as nitrogen-doped sites at basal planes and then to improve capacitance in ultra capacitors, Jeong and The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.84.506 colleagues modified the graphene surfaces by nitrogen-plasma at 500 W of power, 1.9 © 10 3 Pa of nitrogen gas with 91 sccm and different periods of time (0.5, 1, 1.5, 2, 2.5, and 3 min). 28 Brüser and colleagues improved hydrophilic nature of carbon nanofibres. 29 For their surfaces being treated in radio frequency (RF) plasma with NH 3 in the pressure range of 0.006-0.9 mbar at 80 W and 120 W of power with 20 min, the higher the pressure, the higher the contact angle. 29 For their surfaces being treated in RF plasma with NH 3 in 0.01 mbar of pressure at the power range of 50 W-300 W with 20 min, the higher the power, the lower the contact angle. 29 To improve capacitance and charge density in electric double layer capacitors, Tashima and colleagues modified carbonaceous materials by RF nitrogen-plasma surface treatment at 300 W of power, 1.3 Pa of pressure, 150°C of temperature, and different periods of time (10, 30 , and 60 min). 30 Therefore, RF nitrogen-plasma was used to modify the surface properties of graphene, such as functional groups at different power levels/periods of time in this research.
The main aim of this research was to synthesize graphene with fewer layers/more defects by CVD and being cooled at different cooling rates with different volume flow rates of hydrogen, and then to add nitrogen functional groups to the surface of graphene by RF nitrogen-plasma treatment at different power levels and periods of time.
Experiment
Nickel foam with three dimensional conductive network structure working as template for the growth of graphene facilitated easy access of electrolyte ions to the electrode surface. 31, 32 The use of Ni foam is known to increase the active material utilization of the electrode, and thus the specific capacitance of the electrode with the Ni foam current collector was higher than that with the Ti mesh current collector. 31, 32 The Nickel foam (1 © 2 © 0.1 cm 3 ) was degreased ultrasonically (40 kHz) in acetone for 15 min. Next, it was rinsed ultrasonically (40 kHz) with pure de-ionized water for 15 min, and then oven-dried in air (50°C) to constant weight.
First, the pretreated Nickel foam substrate was heated at 1000°C in H 2 (100 sccm) and Ar (250 sccm) for 10 min to reduce the surface oxide layers. Next, in order to create graphene films with fewer layers and more defects, it was grown on the annealed Nickel foam using thermal chemical vapor deposition (CVD) with a gas mixture of CH 4 (50 sccm), H 2 (maximum volume flow rate in this experiment: 100 sccm), and Ar (maximum volume flow rate in this experiment: 1000 sccm) for 10 min at 1000°C [similar to Ref. 18 procedures but only the same temperature and substrate], and then cooled to ambient temperatures at different cooling rates (10, The graphene was placed in the reaction chamber (85 cm 3 ) of the apparatus for RF plasma treatment (frequency: 13.56 MHz and maximum power: 1000 W). Then, the chamber was evacuated to 10 ¹3 Pa. Next, 60 sccm of nitrogen gas was introduced to the chamber to maintain its pressure at 1.3 Pa. Finally, the graphene electrode was modified by nitrogen-plasma at different power levels (50, 100, and 150 W) and periods of time (10, 20 Sample tags (G-cA-hB-pC-tR, where A after "c" is a cooling rate in°C min ¹1 , B after "h" is a volume flow rate of H 2 during cooling in sccm, C after "p" is a power level of nitrogen-plasma in W, and R after "t" is a period of time of nitrogen-plasma in min) represent the graphenes prepared by CVD at different cooling rates with different volume flow rates of H 2 during cooling and then modified by nitrogen-plasma at different power levels as well as periods of time.
Electrochemical measurements for the prepared graphene electrodes were performed using an electrochemical analyzer (CH Instruments CHI 608B, USA). The three-electrode cell consisted of Ag/AgCl as the reference electrode, Pt as the counter electrode and the prepared graphene electrodes as the working electrode. The electrolytes were degassed with purified nitrogen gas before voltammetric measurements, and nitrogen was passed over the solution during all the measurements. The solution temperature was maintained at 25°C by circulation of water using a thermostat (HAAKE DC3 and K20, Germany). The cyclic voltammetry (CV) was undertaken with a 6 M aqueous electrolyte (KOH). It is known that higher KOH concentration led a higher capacitance, lower internal resistance, and narrower voltage window for activated carbon electrodes. 33 The electrolyte solution around the Ag/AgCl reference electrode was a saturated KCl solution. A salt bridge was used to separate the two solutions, 6 M KOH solution and saturated KCl solution. The potential of Ag/AgCl/saturated KCl electrode was 0.199 V vs. standard hydrogen electrode at 25°C. A CV scan rate of 100 mV s ¹1 in the range ¹1-0 V was used in all measurements except where stated. Capacitance is normalized to 1 g of graphene except where stated.
where m is the mass of the graphene, ¦V is the potential window, S is the scan rate, R idV is the integrated area of the CV curve. The micrographs of graphene being cooled to ambient temperatures at different cooling rates with different volume flow rates of H 2 were conducted by field emission scanning electron microscope (FE-SEM: JEOL JSM-6700F, Japan). In addition, the I 2D /I G of graphene being cooled to ambient temperatures at different cooling rates with different volume flow rates of H 2 and the D peak intensity/G peak intensity of graphene being cooled (108°C min ¹1 ) to ambient temperatures with different volume flow rates of H 2 were investigated by microscopic Raman spectrometer (inVia, Renishaw, England). Furthermore, functional groups of the graphene electrode modified by nitrogen-plasma at different power levels and periods of time were explored by XPS (Fison VG. ESCA210, England). Finally, impedance measurements of graphene being cooled (108°C min ¹1 ) to ambient temperatures without H 2 and with 100 sccm H 2 were operated at 5 mV AC amplitude with a frequency range between 100 kHz and 10 mHz.
Results and Discussion

CV curves for graphenes being cooled (108°C min
¹1
) to ambient temperatures without H 2 and with 100 sccm H 2 are shown in Figs. 1(a) and 1(b) , respectively. The characteristic rectangular shape is a criterion for the symmetric CV curve. The more the symmetric CV curve, the more the reversible characteristic of electrochemical double-layer capacitors. The CV curve of Fig. 1(b) exhibits more symmetric with respect to the zero current density axis than that of Fig. 1(a) . The reason behind this behavior may be that hydrogen can get rid out of the oxide and then the identical equivalent series resistance (about 0.48 ohm) of graphene being cooled (108°C min ¹1 ) to ambient temperatures with 100 sccm H 2 is lower than that (about 0.60 ohm) of graphene being cooled (108°C min ¹1 ) to ambient temperatures without H 2 . A CV curve for graphene being cooled (108°C min
) to ambient temperatures with the nitrogen-plasma treatment conditions (power = 100 W and period of time = 30 min, See Table 1 ) is depicted in Fig. 1(c) , which shows a larger area compared with Fig. 1(a) and Fig. 1(b) because of the surface of graphene being treated by nitrogen-plasma.
Electrochemistry, 84 (7), 506-510 (2016) Figure 2 shows the effects of graphene being cooled to ambient temperatures at different cooling rates (10, 50 , and 108°C min ¹1 ) on specific capacitance. The faster the cooling rate, the higher the specific capacitance (See Fig. 2) . The reason behind this behavior may be explained as follows. The wrinkles of CVD graphene are formed by differential thermal expansion, as the Ni foam contracts more than the graphene during postgrowth cooling, leaving an excess area of graphene. 34 The graphene being cooled to ambient temperatures at a higher cooling rate possessed more wrinkles (See Fig. 3) . The wrinkles in the graphene enlarge the specific surface Figure 1 . CV curves at a potential scan rate of 100 mV s ¹1 in a 6 M KOH solution for (a) graphene: G-c108-h0-p0-t0, (b) graphene: G-c108-h100-p0-t0, and (c) graphene: G-c108-h0-p100-t30. Table 1 . The effects of power and periods of time on the specific capacitance (the percentages of N-5 and N-6 functional groups) of graphene (G-c108-h0-p50-t10, G-c108-h0-p50-t20, G-c108-h0-p50-t30, G-c108-h0-p100-t10, G-c108-h0-p100-t20, G-c108-h0-p100-t30, G-c108-h0-p150-t10, G-c108-h0-p150-t20, and G-c108-h0-p150-t30) being cooled (108°C min ¹1 ) to ambient temperatures. Number of cycles Figure 2 . The effects of graphene (G-c10-h0-p0-t0, G-c50-h0-p0-t0, and G-c108-h0-p0-t0) being cooled to ambient temperatures at different cooling rates (10, 50, and 108°C min ¹1 ) on specific capacitance.
(a) (b) (c) Figure 3 . The FESEM images of graphene (G-c10-h0-p0-t0, G-c50-h0-p0-t0, and G-c108-h0-p0-t0) being cooled to ambient temperatures at different cooling rates [(a): 10°C min Electrochemistry, 84(7), 506-510 (2016) area, which leads to the increase of the specific capacitance. The graphene being cooled to ambient temperatures at a higher cooling rate possessed the larger I 2D /I G (10°C min
: 0.54, 50°C min ¹1 : 0.94, and 108°C min ¹1 : 1.11). The larger the I 2D /I G , the fewer the number of graphene layers, 35 and then the lighter the weight of graphene, which also leads to the increase of the specific capacitance. Furthermore, the specific capacitance increased with increasing number of charge-discharge cycles during the first 1000 cycles of potential cycling, but then decreased after 1000 cycles of potential cycling. The reason behind this behavior may be explained as follows. At a larger number of potential cycles during the first 1000 cycles of potential cycling, the combined water (incorporated water and free water from the electrolyte) may increase. This causes higher specific capacitance because the combined water (both surface and structural water) promotes the movement of protons in the solid phase, 36 and thus electrolyte ions more easily diffuse into the inner pores of the graphene and consequently some potentially electroactive sites on inner pores are able to contribute to specific capacitance with higher levels of structural water. Figure 4 shows the effects of graphene being cooled (108°C min ¹1 ) to ambient temperatures with different volume flow rates (50, 75, and 100 sccm) of H 2 on specific capacitance. The higher the H 2 volume flow rate, the higher the specific capacitance (See Fig. 4) . The reason behind this behavior may be explained as follows. The graphene being cooled to ambient temperatures with a higher H 2 volume flow rate possessed more wrinkles (See Fig. 5 ). The wrinkles in the graphene enlarge the specific surface area, which leads to the increase of the specific capacitance. The graphene being cooled to ambient temperatures with a higher H 2 volume flow rate possessed the larger I D /I G (50 sccm H 2 : 0.23, 75 sccm H 2 : 0.25, and 100 sccm H 2 : 0.28). The larger the I D /I G , the more the defect of graphene, 37 and then the higher the surface area of graphene, which also leads to increasing the specific capacitance.
The specific capacitance reached a maximum at the nitrogenplasma treatment conditions (power = 100 W and period of time = 30 min) (See Table 1 ). A longer period of time led to higher specific capacitance and higher power also led to higher specific capacitance except 150 W at 30 min (See Table 1 ). The reason behind this behavior may be explained as follows. N-6 as well as N-5 enhance capacitance by redox reactions and N-Q also enhance capacitance by improving the conductivity of the materials. However, N-6 and N-5 play a more crucial role in enhancing the energy storage performance since their atoms easily control local electronic structures, which is beneficial to enhancing the binding between the N atoms and electrolyte ions of K + in the solution. 26 N-6 exhibited the largest binding energy with ion and N-5 also showed a large binding energy with ion. 27 N-6 as well as N-5 can result in a pseudocapacitive response in aqueous electrolytes and then the electrochemical performance of graphene-based electrode materials have been improved significantly. 38 Thus, a longer period of time led to greater percentage of N-5 as well as N-6 functional groups and higher power also led to greater percentage of N-5 as well as N-6 functional groups except 150 W due to the number of the N-Q functional group increasing with the increase of the RF power (See Table 1 ). The binding energy values for N-6, N-5 and N-Q are 398.5, 400.1, and 401.5 eV, respectively. 39 
Conclusions
The CV curve of graphene being cooled to ambient temperatures with hydrogen shows more symmetric current characteristics than that without hydrogen. A higher H 2 volume flow rate during the cooling step resulted in higher specific capacitance. Furthermore, The longer the period of time, the greater the percentage of N-5 as well as N-6 functional groups and the higher the power, the greater the percentage of N-5 as well as N-6 functional groups except 150 W. Number of cycles Figure 4 . The effects of graphene (G-c108-h50-p0-t0, G-c108-h75-p0-t0, and G-c108-h100-p0-t0) being cooled (108°C min ¹1 ) to ambient temperatures with different volume flow rates (50, 75, and 100 sccm) of H 2 on specific capacitance (the average values and deviations were obtained from three samples prepared by exactly the same procedures).
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